Hydrothermally grown SnO 2 and SnO 2 :Eu nanoparticles of 4-11 nm size range were analyzed by photoluminescence (PL) and therrmoluminescence (TL) spectroscopy to study the effect of Eudoping on their emission behaviors. It has been observed that most of the incorporated Eu 3þ ions remain at the interstitial sites of SnO 2 lattice. High Eu-contents in the nanoparticles generate lattice deformation, formation of Eu 3þ /Eu 0 clusters at interstitial sites, or segregation to their surfaces. Formation of Eu clusters at interstitial sites enhances electronic defect density in the crystal lattice, reorganizes carrier trapping centers, and modifies their activation energies. Room temperature PL emission and beta-irradiated TL dose response of SnO 2 nanoparticles enhance significantly when doped with 0.5 and 1.0 mol. % nominal of Eu 3þ , respectively, opening up their possibilities of applications in bio-imaging and radiation therapy. Possible mechanisms of enhanced PL and TL responses of the samples have been discussed. V C 2013 American Institute of Physics.
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I. INTRODUCTION
Intrinsically n-type, wide band gap (3.6 eV, at room temperature) semiconductor SnO 2 has been successfully utilized for gas sensing, 1 solar cell fabrication, 2 as transparent conductive electrode, 3 light emitting diode, 4 and biological imaging. 5 For biological applications, SnO 2 nanoparticles have been doped with rare-earth (RE) ions like Eu 3þ , Tb 3þ , Er 3þ to improve their emission efficiency through energy transfer processes between the RE ions and the host lattice. [6] [7] [8] [9] Incorporation of Eu 3þ ions in SnO 2 has been extensively studied in the literature [10] [11] [12] [13] and it has seen to be most effective for this purpose due to their high stability in oxide matrices and high quantum yield. However, the emission behaviors of Eu 3þ incorporated metal-oxide nanostructures strongly depend on the location of Eu 3þ ions in host lattice, which needs a special attention for their biological applications. SnO 2 nanoparticles of 2-100 nm size range have been synthesized utilizing sol-gel, 14 hydrothermal, [15] [16] [17] chemical vapor deposition (CVD), 18 microwave irradiation, 19 and other techniques. Effects of RE ion doping in them have been studied utilizing cathodoluminescence (CL), 20 photoluminescence (PL), 12 and other spectroscopic techniques. 21 However, the mechanism of Eu 3þ incorporation, specially their location in the host lattice and its effect on the emission behaviors of metal-oxide nanostructures, has not been conclusive.
Nowadays, nanoparticles are of particular importance for biological applications since most of the biological and cellular processes occur at nanoscale. Nanoparticles of different materials are currently under clinical investigation for utilization as drug-delivery vehicles, contrast agents, and diagnostic devices to get approval by the Food and Drug Administration. 22 In medical applications like drug carriers, photothermal agents, contrast agents, and radiosensitizers, the most studied nanostructures include carbon nanotubes, gold nanoparticles, and cadmium selenide quantum dots. 23 Nanoparticles have high concentration of surface atoms and defects at multiple nano-grain boundaries which can create a large number of surface defects like charge-carrier trapping centers at different energy depths. The quantum size effect in nanostructured systems is responsible for luminescence enhancement due to the high probability of radiative electron-hole recombination after exposing them to ionizing and non-ionizing radiations. For radiation detection and dosimetry, novel nanophosphors like CaSO 4 :Dy, BaSO 4 :Eu, Al 2 O 3 , ZnO, YAG, LiF:Mg, Cu, P, K 2 Ca 2 (SO 4 ) 3 :Eu, and Ba 0.97 Ca 0.03 SO 4 :Eu have been found to be promising in high dose radiation fields due to their characteristic radiation resistance properties. 24 Thermally stimulated luminescence, commonly called as thermoluminescence (TL), is the emission of light after thermal stimulation of previously irradiated material. The integrated TL emission response of dosimetric materials is a function of the radiation dose. However, it has been observed that the TL emission intensity of all the above mentioned nanophosphors is lower than their bulk counterparts, while their dose saturation occurs at higher doses in comparison to conventional (bulk) specimen. TL sensitivity and high dose saturation in nanoparticles seem to depend on their size. Though the size effect has been observed very frequently, no clear explanation for the distinct TL characteristics of these nanoparticles is currently available. contents in the solution were adjusted to maintain their nominal concentrations at 0.5, 1.0, and 2.0 mol. %. The final mixture was homogenized for 10 min and then transferred into a Teflon-lined stainless steel autoclave, which was placed in an oven and heated at 190 C for 24 h. The resulting white precipitate was centrifuged, washed with water and ethanol several times, and dried at 60 C for 2 h. Some of the obtained powders were air annealed at 700 C for 2 h. Transmission electron microscopic (TEM) observation on the samples was performed in a Philips Tecnai F30 microscope operating at 300 keV after dispersing colloidal samples over carbon coated copper grids and drying at room temperature. Optical properties of the nanoparticles were studied using micro-Raman spectroscopy (Horiba JOBIN-YVON spectrophotometer), room temperature PL, and UV-Vis optical absorption spectroscopy (SHIMADZU UV-3101PC) in the 200-800 nm spectral range. The 325 emission line of a He-Cd laser (Melles Griot) of 15 mW power was utilized for the excitation of the samples. TL glow curves of the samples were recorded using a TL/OSL-DA-20 Risï system equipped with a 90 Sr/
90
Y beta radiation source (5 Gy min
À1
). The TL response was measured in between RT and 650 K in nitrogen atmosphere, using a heating rate of 5 C/s.
III. RESULTS AND DISCUSSION
High resolution TEM (HRTEM) images of the doped and undoped samples ( aggregated quasi-spherical nanoparticles in the range of 4-11 nm. It should be noted that no surface modifier or surfactant was utilized in our synthesis. From the size distribution histograms, the average size of the particles was estimated to be 6.6, 8.6, 8.8, and 9.2 nm for the samples doped with 0.0, 0.5, 1.0, and 2.0 mol. % (nominal) of Eu 3þ , respectively. As we can see, increase in Eu 3þ content causes a gradual increase in the size of SnO 2 nanoparticles.
The interplaner spacings calculated from the HRTEM images of the undoped sample were 0.33 and 0.26 nm, which correspond to the (110) and (101) lattice planes of rutile SnO 2 , respectively. For the case of 1.0 and 2.0 mol. % Eu 3þ doped samples, the interplanar spacing of the (110) plane increased to 0.34 nm, probably due to a lattice expansion caused by the incorporation of Eu 3þ ions in the nanoparticles. SnO 2 , which crystallizes in tetragonal rutile structure, belongs to the point group D 14 h4 . 25 According to group theory, the normal lattice vibrations at the U point of the Brillouin zone are as follows:
While the B 1g , E g , A 1g , and B 2g modes of SnO 2 are Raman active, A 2u and E u are infrared (IR) active, and A 2g and B 1u are inactive in both Raman and IR. Raman spectra of all the samples (Fig. 2 ) revealed three prominent dispersion peaks at about 476, 632, and 777 cm À1 , which could be assigned to the E g , A 1g , and B 2g fundamental modes of rutile SnO 2 , respectively. 27 On the other hand, there appeared two weak Raman peaks located at about 310 and 358 cm À1 , which could be associated with the surface modes of SnO 2 nanostructures. 28 Furthermore, there appeared a broad dispersion band at about 580 cm À1 (S1), which has been reported as the characteristic Raman band of SnO 2 nanostructures by several research groups. 29, 30 The intensity of this particular band has been associated with the size of SnO 2 particles, which generally decreases as the size of the nanoparticles increases. In fact, Patra et al. 31 have detected a similar Raman peak in between 570 and 577 cm À1 for their SnO 2 nanoparticles and nanorods and associated with the surface-related defects in these high surface area nanostructures. In general, the intensity of all the Raman peaks decreased on increasing the concentration of Eu 3þ ions. The decrease of peak intensity might be due to the incorporation of structural disorder or a loss of crystallinity of the nanoparticles on incorporating Eu 3þ ions. Band gap energies of the doped and undoped samples (Fig. 3) were estimated from their diffuse reflectance spectra utilizing Kubelka-Munk treatment
FðR 1 Þ is the so-called remission or Kubelka-Munk function, where R 1 ¼R sample =R reference , K is the absorption coefficient, and S is the scattering coefficient. The band gap energy of the nanoparticles was found to vary in between 3.80 and 3.90 eV with the variation of Eu 3þ contents. A blue shift of absorption edge was observed on incorporating Eu 3þ ions in SnO 2 particles. As can be noted, the estimated band gap energy of all the samples is higher than the band gap energy value of bulk SnO 2 (3.6 eV), probably due to the quantum confinement effect of charge carries in these small particles.
The PL spectrum of the undoped sample (Fig. 4) exhibited weak emission, revealing a broad emission band in 400-800 nm range, with maximum at around 580 nm (inset). This visible emission has been frequently designated as yellow emission ($580 nm), assigned to the structural defects such as oxygen vacancies (V o ) and interstitial Sn (Sn i ) in SnO 2 lattice. 33, 34 The PL spectra of all the Eu-doped samples revealed characteristic PL bands associated with the While the nanoparticles nominally doped with 0.5 mol. % of Eu 3þ ions revealed strongest emissions associated with the RE ions, doping at 1.0 mol. % and higher caused a luminescence quenching. However, the extent of PL quenching was not same for all the transitions.
As we know, on irradiating an Eu 3þ ion doped semiconductor with high energy photons, electrons of its conduction band get excited to the F 1 ) associated with these two transitions, which could be designated as asymmetric ratio. 35 An increase in the asymmetric ratio value would mean that most of the Eu 3þ ions are located at the distorted sites of SnO 2 lattice. On the other hand, a decrease or this ratio would indicate that the Eu 3þ ions are not located at distorted sites; rather they are segregated to the surface of the SnO 2 nanoparticles. Estimated asymmetric ratios were 0.40, 0.43, and 0.50 for our 0.5, 1.0, and 2.0 mol. % Eu-doped samples, respectively. Such an increase in asymmetric ratio indicates that on increasing the nominal concentration of Eu in the reaction mixture, a higher number of Eu 3þ ions incorporate into the distorted lattice sites of SnO 2 nanoparticles. As the ionic radius of Eu 3þ (0.112 nm) is much bigger than the ionic radius of Sn 4þ (0.071 nm), it is difficult for them to be accommodated at the lattice sites of Sn 4þ ions of SnO 2 lattice. Therefore, most of the Eu 3þ ions get incorporated at the interstitial sites of SnO 2 , though a fraction of them could also be segregated to the surface of the nanoparticles. The energy dispersive spectroscopy (EDS) analysis of the samples (Table I) revealed only about 0.09, 0.2, and 0.26 at. % of Eu in the SnO 2 particles prepared with nominal 0.5, 1.0, and 2.0 mol. % of Eu 3þ ions in the reaction mixture, respectively. On the other hand, at. % of Sn did not vary significantly on increasing the concentration of Eu. The observations suggest the incorporation of Eu 3þ ions at interstitial sites, rather than substituting Sn 4þ ions. Structural defects in the form of oxygen vacancies (V o ) and interstitial Sn (Sn i ) in the SnO 2 :Eu 3þ lattice act as trapping level for electrons and holes. Trapping levels in a semiconducting system can be investigated by TL spectroscopy, which is a highly sensitive technique to establish the presence and nature of localized states and recombination centers that are responsible for the emission of light after thermal stimulation of a previously irradiated specimen. 36 The TL behaviors of the Eu-doped nanoparticles were investigated by measuring their TL response in between RT and 650 K. The TL response of the as-grown nanoparticles was observed to vary from one TL run to another due to the presence of adsorbed water at their surfaces, and a change in their crystallinity during TL measurements. To eliminate these problems, all the samples were air-annealed at 700 C for 2 h before recording their TL glow curves again.
The TL glow curves of the undoped and Eu-doped nanoparticles after irradiating with 1638 Gy of b-rays ( 
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higher temperatures (20 and 24 K, respectively), while the intensity of all the emissions varied with the variation of Eu 3þ ion content. Although the overall intensity of the TL emission increased drastically on incorporating a nominal 1.0% of Eu 3þ ions, incorporation of Eu 3þ ions in higher concentrations quenches the TL response of the nanoparticles. Site distortions have significant effects on both PL and TL. Changes in the TL peak temperatures indicate differences in the trapping level energies, perhaps due to lattice expansion and stress caused by dopant incorporation. Therefore, since the TL signals are related to defects, shifts in a glow peak temperature are expected with any alteration in the lattice. Figure 6 depicts the variation of integrated TL intensity of the samples with irradiation dose. For smaller doses of b-irradiation, integrated TL intensity of all the samples varied quasi-linearly. However, for higher doses (327.6-1638 Gy) of irradiation, the nonlinear behavior of the undoped sample changed to linear one on incorporating Eu 3þ ions, with no apparent saturation. This linear high-dose response characteristic found in nanophosphors is very different from the characteristics of common bulk dosimetric materials, in which dose saturation is observed at relatively low doses for the case of ionizing and nonionizing radiation. 24, 37 A careful inspection of the TL glow curve shapes indicates a strong dependence on the Eu 3þ concentration and of course on the size of SnO 2 :Eu nanoparticles. We can remember that TEM estimated average particle sizes for the samples doped with 0.0, 0.5, 1.0, and 2.0 mol. % of Eu 3þ were 6.6, 8.6, 8.8, and 9.2 nm, respectively. As has been stated earlier, the ionic radius of the Eu 3þ ions is about two times bigger than the ionic radius of Sn 4þ and most of the Eu 3þ ions get incorporated at the interstitial sites of SnO 2 causing a strong structural stress as confirmed by the intensity decrease of the 580 cm À1 (S1) Raman band of SnO 2 nanoparticle. Therefore, on increasing the concentration of Eu 3þ ions, in fact we are producing a large number of lattice defects that manifest themselves as a complex set of overlapping TL glow peaks (Fig. 5) . In other words, a distorted lattice with high concentration of surface trapping centers and defects at multiple nanograin boundaries may be regarded as the cause for the TL enhancing properties and the widening of the TL glow curve of SnO 2 :Eu 3þ nanostructure.
The features displayed in Figs. 5 and 6 are related to the characteristics of SnO 2 :Eu 3þ nanostructures. The enhanced TL emission of 1.0% Eu-doped SnO 2 nanoparticles at highdose ionizing radiation and their improved radiation resistance (high dose saturation) make them attractive for applications in contrast imaging, and radiation detection and monitoring. The physical phenomenon associated with the interaction of radiation with high-Z materials may provide an explanation for the observed properties as suggested by Kortov. 37 We can imagine the SnO 2 nanoparticle in a distorted lattice arrangement surrounded by Eu 3þ interstitial ions. At low Eu 3þ concentration, the secondary low energy electrons produced by the interaction of the radiation with Eu 3þ ions interact with the SnO 2 nanoparticles, creating an additional number of charge trappings mainly due to the presence of superficial defects. After thermal stimulation, these trapped charge carriers recombine radiatively giving rise to the observed TL emission. We should recall that undoped SnO 2 nanophosphor is thermoluminescent and the presence of Eu 3þ ions increases its TL sensitivity due to the generation of secondary electrons triggered by radiation interaction. At higher concentrations of RE ions, the SnO 2 nanoparticles might be surrounded by a great amount of Eu 3þ ions in such a way that a TL quenching effect occurs due to the formation of a virtual shell of Eu 3þ which is not thermoluminescent. Therefore, the observed TL enhancing effect is most probably a local dose enhancing radiation effect. If this is so, the great advantage of this phenomenon can be explored in monitoring radiation dose at cellular levels and at the same time providing a way of tracking cellular processes through PL spectral response. The required thermal stimulation may be obtained by other sort of nanomaterials, like well-known metallic nanoshells, which may reach a high intracellular temperature sufficiently enough to trigger TL on a nanoshell SnO 2 :Eu 3þ system. Appearance of bell-shaped broad TL emission bands for the samples (Fig. 5) indicates the presence of a second order TL kinetic process. 35 To estimate the depth of the localized trapping levels in the band gap of the samples and their activation energies, we used the glow curve deconvolution (GCD) technique. 38 The TL glow curves were fitted with the second-order kinetic equation
where I m is the maximum intensity of glow curve and T m is the corresponding temperature; E (eV) and k (eV K
À1
) are the activation energy and the Boltzmann constant, respectively. 38 In Table II , positions of the TL bands and their estimated activation energies are presented. Five distinct trap levels in the crystalline structure could be detected. Though the incorporation of Eu 3þ ions did not generate any new trap level in the nanoparticles, for the case of 1.0 mol. % Eu 3þ doped sample, it causes an increase in TL intensity and shifts trapping levels to higher temperatures (peaks P4 and P5). It should be remarked that a more careful glow curve deconvolution procedure is required to address the fact that the wide TL glow curve is formed by several overlapped TL peaks. Physically, it means that we are in the case of a nanophosphor with a complex continuous trap distribution that may result in successive trapping and detrapping during the excitation and recombination processes. A work on this line is in progress.
As argued earlier, the presence of the Eu 3þ ions at interstitial sites is probably responsible for the dose enhancing and linear behavior of the SnO 2 nanoparticles as observed in Figs. 5 and 6. Enhanced radiation effects involving interaction of radiation with tissues in contact with high atomic number (Z) materials are well known, but just recently enhancement of radiation effects using high Z nanoparticles like silver, platinum, and gold has been explored. 39 As we just mentioned, enhanced radiation effect in our 1.0% Eu-doped SnO 2 nanoparticles is encouraging for their therapeutic applications in biological tissues. On the other hand, enhanced PL emission of lightly doped SnO 2 :Eu nanoparticles opens the possibility of their use for biological imaging under UV excitations.
IV. CONCLUSIONS
In summary, incorporation of Eu 3þ ions in SnO 2 nanoparticles drastically modifies their emission behaviors. Up to a certain concentration, the incorporated Eu 3þ ions remain at interstitial lattice sites and enhance the characteristic PL emissions of the RE ions. Incorporation of Eu 3þ ions in higher concentrations probably causes the formation of Eu 3þ /Eu 0 clusters at the interstitial sites and at the surface of the nanoparticles, quenching their PL emission due to enhanced recombination of photogenerated charge carriers. Incorporated Eu 3þ ions drastically modify the charge trapping and radiative recombination efficiencies of SnO 2 nanoparticles, producing significant TL and dose enhancing effects for 1.0 mol. % Eu 3þ doped sample. No apparent dose saturation up to kGy could be observed. The high Z value of Eu and very small sizes of the formed Eu 3þ or Eu 0 clusters seem to play main role on the observed TL dose enhancement effect stimulated by the production of low energy secondary electrons through the interaction of the radiation with the high-Z Eu 3þ ions. Studies are being carried out for different dopants and hosts to verify this effect further. Functionalized nanostructures with dose enhancing properties are of great importance for applications in radiotherapy, since they allow to deliver a given radiation dose directly to a tumor while preserving its surrounding tissues. 
